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ABSTRACT

Crickets, locusts, bats, and many other animals detect changes in their environment with distributed arrays of flow-
sensitive hairs. Here we discuss the fabrication and characterization of a relatively new class of pore-based, artificial
hair sensors that take advantage of the mechanical properties of structural microfibers and the electromechanical
properties of self-aligned carbon nanotube arrays to rapidly transduce changes in low speed air flow. The radialy
aligned nanotubes are able to be synthesized along the length of the fibers inside the high aspect ratio cavity between the
fiber surface and the wall of a microcapillary pore. The growth self-positions the fibers within the capillary and forms a
conductive path between detection electrodes. As the hair is deflected, nanotubes are compressed to produce a typical
resistance change of 1-5% per m/s of air speed which we believe are the highest sensitivities reported for air velocities
less than 10 m/s. The quasi-static response of the sensorsto point loads is compared to that from the distributed |oads of
air flow. A plane wave tube is used to measure their dynamic response when perturbed at acoustic frequencies.
Correlation of the nanotube height profile inside the capillary to a diffusion transport model suggests that the nanotube
arrays can be controllably tapered along the fiber. Like their biological counterparts, many applications can be
envisioned for artificial hair sensors by tailoring their individual response and incorporating them into arrays for
detecting spatio-temporal flow patterns over rigid surfaces such as aircraft.

Keywords: artificial hair, flow sensor, carbon nanotube synthesis

1. INTRODUCTION

Detection of air flow by hair sensors is inspired by the ability of many animals to detect changes in their environment
with distributed arrays of flow-sensitive hairs'. For example, the locust performs angle of sideslip regulation from hair
sensor airflow feedback of flow patterns that evolve over its head®. Independent of biological inspiration, engineered
angle of attack (AoA) and angle of sidedlip (A0S) measurement technologies known as air data systems (ADS) were
developed relying on pressure sensor arrays located at the nose of various high speed air and spacecraft®. In contrast to
pressure sensors, artificial hair sensors are a more information rich source of data because their response is determined
from a flow velocity field with both magnitude and direction® as opposed to a scalar pressure field with pressure sensor
based ADS. Additionally, micro-scale artificial hair sensors are suitable flow sensor candidates for insect to bird scale
low-Reynolds-number flyers due to their low power consumption, light weight, high sensitivity, and small footprint.
Artificial hair sensors are also plausible technologies for aeronautic applications such as attitude control, heading
determination, and self-stabilization” . The need is for sensors that can rapidly transduce small temporal changesin air
flow into detectable signals with many of such sensors able to easily be distributed over aircraft surfaces for spatial flow
pattern detection.

*Kkeith.dinker.ctr@us.af.mil; phone 1 937 904-5705; fax 1 937 656-4706
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Carbon nanotubes (CNTSs) can be synthesized into self-aligned arrays that can exhibit large piezoresistance in response
to compression®!!, and the synthesis of CNT arrays and their subsequent mechanical, electrical, and thermal properties
have been widely studied'®28, While there has been significant work on planar arrays and the growth on reinforcement
fibers'® 20, there has been limited work on the synthesis of CNT arrays within confined geometries. Envisioned
applications require the growth or placement of the nanotube array within a pore or between two closely spaced planar
surfaces, but the high aspect ratio of such geometries could potentially represent a challenge in that the catalyst, carbon
source, and synthesis conditions must all be present for robust growth of the self-aligned CNT arrays.

Here we discuss the fabrication and characterization of a relatively new class of pore-based, artificial hair sensors that
take advantage of the mechanical properties of structural microfibers and the electromechanical properties of self-
aligned carbon nanotube (CNT) arrays to rapidly transduce changes in low speed air flow. We have previously
demonstrated sensors of this design to have large sensitivity for air velocities around 1 m s in response to quasi-static
changes in air flow?'. A resistance change is detected from compression of the nanotube array by the deflection of the
hair, and the nanotubes also serve as the mechanical support for the hair? 2. Here a plane wave tube is used to probe
the dynamic response of the hair sensors. The quasi-static electromechanical response of the sensors to point loads are
compared to the distributed load response to air flow. The role of the nanotubes in the response of the sensors in both
casesisinvestigated.

The nanotubes are able to be synthesized down the length of the fibers inside the high aspect ratio cavity between the
fiber surface and the wall of the microcapillary pore. A model for the growth of the nanotubes within the capillary is
demonstrated based on diffusion of the reactants and intermediates within the pore of the capillary and first order
reaction kinetics on the surface of the fiber.

2. CNT-BASED ARTIFICIAL HAIR SENSORS

Figure 1. (Left) Cross-sectional schematic of nanotube-microfiber artificial hair sensor (not to scale). The alumina-coated
glass microfiber hair isinserted into the glass capillary pore (with pre-deposited top and bottom electrodes) prior to CNT
synthesis. The CNT array grows radially from the microfiber along its entire length, self-positioning the fiber at the center
of the pore. After synthesisthefiber is affixed at the base of the capillary with silver epoxy. (Right) SEM image looking
down at the top of the capillary opening. A focused ion beam was used to remove the CNTs from the fiber to expose the
CNT array just inside the pore for imaging. When the fiber is deflected by the air flow, the CNT array at the opening is
compressed against the capillary electrode changing the electrical resistance.
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2.1 DeviceFabrication

The CNT-on-fiber hair sensors are fabricated by a combination of hand-assembly, deposition, and growth processes
(Figure 1). For the pore of the hair, a section of glass microcapillary of length L (typically 1 to 2 mm) and inner radius r,
(12.5 um unless otherwise noted) is polished on the ends and coated on each end with chrome and gold by sputter
deposition. Each metal electrode uniformly coats about 50 um into the interior walls and is continuous out onto the
polished ends and extends a few hundred microns down the exterior sides. The hair is a glass microfiber (AGY 933 S-2)
of radius ri = 4 um coated with alumina by atomic layer deposition to promote nanotube growth. The fiber extends the
full length of the capillary plus an additional external length Le to be exposed to the air flow. The microfiber isinserted
into the metalized capillary and the entire assembly is exposed to the nanotube growth process, the details of which are
described in Section 3.

The nanotube array grows radially from the glass fiber surface both within and external to the capillary, self-positioning
the fiber at theradial center of the capillary. The nanotube array also forms an electrical path between the two electrodes
on the ends of the capillary. During operation of the sensor, the CNTs mechanically support the base of the fiber within
the capillary. Asthe hair is deflected, the nanotubes near the pore opening are compressed against the el ectrode bringing
the nanotubes into better contact with the metalized wall as well as increasing the local density of the array. Thisis
detected as adrop in electrical resistance measured between the two ends of the capillary.

Figure 2. (a) The change in resistance of Sensor 1 in a plane wave tube to asinusoidal air flow of varying frequency. The
air flow is modulated by a speaker and the sound pressure maintained at a constant amplitude of 300 Pa as measured by a
microphone directly above the sensor. Peaks in the resistance change are observed corresponding to the first three
resonance modes of the hair. (b) The square root of the resonance frequencies fn are observed to vary linearly with the
scaling factor on as predicted for afixed based Euler-Bernoulli cantilever beam. (c) The response of Sensor 1 and two
additional sensorsto varying static flow with noted external hair length (Lg) and nominal resistance. Sensor 2 has a steeper
response at zero air velocity and Sensor 3 has an overall large magnitude of response.
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2.2 Variable Deflection Response

A plane wave tube setup was used to determine the response of the sensors to both steady and oscillating air flows. A
function generator sends a sinusoidal signal to a compression driver that modulates the air flow in the tube and a
microphone above the hair sensor detects the resulting sound pressure. The RM S change in resistance of atypical sensor
over arange of acoustic frequenciesis shown in Figure 2a. A PID controller was used to adjust the driving signal such
that the pressure was maintained at an amplitude of 300 Pafor all frequencies corresponding to an air velocity amplitude
of about 0.5 m/s. Theresponseislinear at low frequencies followed by three observed peaks corresponding to the first
three resonance modes of the hair.

For a Euler-Bernoulli beam in bending, the natural resonance frequencies f, are predicted to be

o) |El
fn = 24 _n (1)
27"\ pA

where E is the Young's modulus, | is the moment of inertia, p is the density, and A is the cross-sectional area of the
beam. The scaling factors o, are determined from the boundary conditions. For a beam that is fixed at the base and free
at the end, the first three o, are 1.875, 4.694, and 7.854. The sguare root of the frequencies corresponding to the peaks
can be seen to vary linearly with these scaling factors (Figure 2b) in agreement with a fixed base beam. This suggests
that the stiffness of the nanotube array is large enough to greatly restrict the base of the fiber from deflecting. Since the
resistance change should be proportional to this deflection, it may be possible to increase the response of the sensors by
decreasing the stiffness of the array without impacting the bandwidth-limiting first resonance frequency.

The quasi-static responses of this sensor and two additional sensors to steady air flow inside the plane wave tube are
shown in Figure 2c. The air speed was calculated from the pressure drop along the length of the plane wave tube?®. To
normalize the three sensors, the response is reported as a fractional change from the nominal resistance of the sensor at
zero deflection. Sensors 1 and 3 show very little response at 1 m/s while the change in Sensor 2 is amost 5%. Sensors 1
and 2 are similar to each other as the air speed is further increased, approaching a change of about 12% at about 5 m/s
and very little change thereafter. Sensor 3 displayed a steeper change in resistance with increasing air speed from 2 to 4

Figure 3. The response of Sensor 4 to avarying point load in a bench-top test fixture and the response of the same sensor to
the distributed steady aerodynamic forces of air at varying velocities inside a plane wave tube. A schematic of the cross-
section of the nanotube coated fiber at the capillary opening (large outer circle) is shown on the right. It is assumed that the
nanotubes in this sensor do not quite fill the capillary opening resulting in little to no resistance change for small deflections
of the hair (1). The largest changein resistance is observed just as the nanotubes come into contact with the metalized
capillary wall (I1). Asthe nanotube array beginsto compress for large hair deflections (111), the observed resistance change
isagain small.
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m/s, plateauing at about 27%. To quantitatively compare these and other sensors, we define the sensitivity as the ratio of
the fractional resistance change to the change in air speed. Even comparing the response at the extremes of 0 and 10
m/s which includes much of the range where the sensitivity has significantly decreased, the values of 1.5%, 1.4%, and
2.9% per m/s for Sensors 1, 2 and 3, respectively, are higher than the sensitivities reported for other hair sensors
(typicaly less than 0.1% per m/s)?. While the small, nonlinear quasi-static response of Sensor 1 near zero air velocity
till results in a detectable response to oscillating air flows of amplitude below 1 m/s, the linear response of Sensor 2
near zero air velocity is more ideal for conventional operation. The differences between these CNT-based sensors in
overall and low-flow sensitivity may be correlated to differences in the nanotube array profile between the fiber and
capillary wall.

The response of afourth sensor to quasi-static deflection by two methods is shown in Figure 3. Similar to Sensor 1, the
change in response to varying air flow in the plane wave tube is nearly zero for air speeds up to about 1.2 m/s followed
by aregion of high sensitivity before plateauing at about 5 kQ of total resistance change around 3 m/s. While this was
for a distributed aerodynamic load, the same trend was observed in our point load bench-top test fixture. The changein
the resistance was measured as the hair of the sensor was deflected by a distance d at a point 950 um along the fiber
from the capillary opening. The change in resistance was again near-zero for d up to 60 um followed by large changes
for increasing d up to about 120 um. For larger deflections, the resistance of the sensor plateaus in a manner similar to
that obtained during steady air flow.

The agreement between the tests suggests that the small air flows are successful in deflecting the hair even though no
resistance change is observed, but the deflection is not electrically transduced by the nanotubes. We suggest the
following explanation for the three regions of response, designated as I, I, and 11l on the plots with schematics of the
cross-section of the device near the capillary opening shown to the right of Figure 3. Assuming the nanotube array is not
quite tall enough to fill up the capillary at the opening, at small air flows (1) the fiber is deflected at the base but not
enough to bring the nanotubes into contact with the metallized capillary wall. As the air speed is increased (I1) the
nanotubes are just brought into contact with one side of the capillary and the largest decrease in resistance is observed.
At relatively high air speeds (I11) the nanotube array is fully in contact with the electrode and further changes in
resistance are dominated by local densification of the nanotube array. Likewise Maschmann et a. indicate from com-

Figure 4. A back-lit optical image of a hair sensor looking at the exposed hair on the |eft and at the internal portion of the
hair through the capillary on theright. The height of the nanotube array (or total CNT-glass diameter) islargely uniform
along the length of the exposed hair. Inside the capillary, the nanotube array is of similar height at the opening of the
capillary and reduced height toward the midpoint of the capillary. The top image shows the sensor as fabricated followed by
images of the sensor after the hair has been shifted out of the capillary by 225 and 275 um respectively (tracked by the
arrows). 5
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-pression measurements of planar CNT arrays that the resistance change is dominated by the CNT-electrode contact
resistance over the changes to the bulk?®. If these assumptions are correct, sensors having slightly longer CNTs of
sufficient length to contact the electrode walls prior to deflection would initially respond with the sensitivity of region II.
A sensor with an even taller nanotube array — such that the array is in pre-compression prior to deflection — would
initially resemble the compressed array of region 111, showing little response to deflection.

An optical image of a fifth sensor is shown Figure 4. The image is back lit through the transparent capillary such that
the nanotube coated hair is visible both outside and inside the capillary.  The nanotube array is highly optically
absorbing and appears black in the image. But where the nanotubes are short or are not present, the nanotube-coated
glass fiber is transparent. The nanotube height is fairly constant outside the capillary with a total nanotube-glass-fiber
diameter of about 25 um. Inside the capillary the nanotube array is of similar height near the opening, but the nanotubes
are shorter toward the axial middle of the capillary. Thisis expected and will be discussed further in Section 3.

The top image shows the sensor as fabricated followed by images of the sensor after the hair has been shifted out of the
capillary in two increments. In each case the hair was then deflected by 100 um by a point load applied 530 um from
the capillary opening and the change in resistance measured. In the as-grown sensor, the nanotubes fill up the capillary
opening and the change in resistance was less than 0.5%. Since the nanotubes were dightly overgrown, they experience
little change to the nanotube-electrode connection and only changes in the bulk compression. In the second image the
nanotube-fiber diameter is at or slightly less than the inner diameter of the capillary. The nanotube array is not as dense
near the electrode initially resulting in alarge 7% change in resistance as the fiber was deflected. In the third image the
shortest nanotube array is within the metallized portion of the capillary and no resistance change was observed at this
magnitude of deflection. At the capillary opening the deflection of the base of the fiber is not large enough to bring the
nanotube array into contact with the capillary wall. Better understanding of the onset of the high sensitivity response
will enable optimization of the sensors through control of the parameters that govern nanotube growth inside the

capillary.

3. CNT ARRAY SYNTHESISIN HIGH ASPECT RATIO MICROCAVITIES

Growing the nanotube array to an optimum height at the pore opening was emphasized in the previous section, and here
we show how that height is related to the length of the nanotubes within the capillary. As mentioned previoudly, the
nanotubes near either opening of the capillary are amost as long as the nanotubes on the fiber externa to the capillary
but are shorter near the axial center. This difference is increased with alonger capillary length. Thisis consistent with
the reactive gases diffusing into the capillary from the ends while consumed at the surface of the fiber and converted into
nanotubes, decreasing their concentration towards the middle of the capillary. For these sensors, the nanotubes inside
the capillary provide the mechanical support to the fiber within the capillary and are the electrical connection between
the two ends of the sensor. A short nanotube array will have a higher nominal resistance, and a long enough capillary
will be an open circuit due to regions of no nanotube growth. While this application pushes towards continuity of the
nanotube array within the capillary, it may be possible to use this restricted growth to realize tapered microstructures
such astailored hair shapes, micro-antennae, brushes, or filters.

The CNT arrays are synthesized in a 1" diameter quartz tube furnace reactor by a liquid injection method at atmospheric
pressure?®. The alumina coated fibers are inserted into the capillaries and multiple devices are placed on a graphite
carrier substrate inside the tube furnace perpendicular to the direction of gas flow. Argon and hydrogen are flowed
through the tube at 50 and 500 sccm respectively as the sample is heated from room temperature to 750 °C and
continuing during synthesis. Once the growth temperature is achieved, a 5% by weight liquid mixture of ferrocene
suspended in xylene is injected continuously at a rate of 2 mi/hr into the tube furnace near the opening where the
temperature is about 200 °C. The gaseous products of the ferrocene/xylene vaporization flow with the Ar/H, gases to the
devices. During the duration of the growths here, the nanotubes grow nearly exclusively on the alumina coated surface
of the glass fibers. The iron from the ferrocene forms iron nanoparticles on the growth surface, each of which support
the growth of a single multiwalled nanotube with additional carbon material added at the iron nanotube interface (e.g.
base growth). The nanotubes grow along the surface until a sufficient number are present to support lift-off. From there
the nanotubes grow as a partially entangled forest or array primarily aligned vertically from the surface (radially from
the fiber). Theradial height of the array (h) is similar to but less than the length of the individual CNT lengths since the
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CNTsare wavy within the array. The nanotube array can be considered as a bulk material with density penr. 1t isfoam-
likein its mechanical behavior® 15227 and about 3% dense by volume? %°,

Our model for the growth of the nanotubes within the capillary is based on diffusion of the reactants and intermediates
within the pore of the capillary and first order reaction kinetics on the surface of the alumina coated glass fiber. While
the xylene and ferrocene mixture is generally assumed to break down into many reactive species at hanotube growth
temperatures™ 3, we are concerned with the average behavior of the system. Therefore we consider a single diffusion
coefficient (Der) and a single reaction coefficient (k). This average or effective diffusion coefficient gives the binary
diffusive transport of the average reactive species relative to the remaining gases considered as a whole. The average
reactive species is modeled to be consumed at the surface of the fiber by afirst order reaction at arate proportional to the
reaction coefficient k”. The double prime follows the typical notation for a surface reaction with units of cm s*. The
identity of this species is not the focus here but rather how these diffusive and reactive processes work together to
determine the CNT array profile within the capillary.

Outside the capillary, the concentration of the reactive species (c) is assumed to be constant and the height of the
nanotube array (h) measured from the surface of the fiber is simply given by

ck’t
Pent

where t is the reaction time and penr is the density of the nanotube array. Inside the capillary at any given time, the
concentration varies down the length of the capillary and radially from the fiber surface. We make a second
approximation to further simplify the model that the radia variation in concentration is negligible compared to the axial
variation. In this case the system can be modeled as a one dimensional system in which the reaction at the surface can
be thought of as existing throughout the open volume in the capillary. This volumetric reaction is proportional to the
constant k™" with units of s* and is related to the surface reaction constant by the ratio of the area of the reactive surface
to the volume of the enclosed cavity:

h=

2

Figure 5. A schematic of the glass fiber inside the capillary of length L is shown on the left. The open space between the
fiber and capillary form a high aspect ratio tube for gas flow with cross section A (hashed green) between two circles of
inner radius i (the fiber radius) and out radius ro (the capillary radius). The nanotubes only grow on the alumina coated
glass fiber, so the cross-sectional length of the perimeter of the fiber is the reactive boundary b. The surface rate of reaction
is proportional to the reaction constant k™ and can be approximated as a homogeneous, volumeric reaction with reaction
constant bk"/A or k. The relationship between k” and k™ is shown for these devices as well as tubes differing in cross-
section or combination of reactive boundaries (dashed line) and un-reactive boundaries (solid lines).
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enclosed A

Since the reactive area and enclosed volume share the same axial length L, the relationship reducesto the ratio of the
cross-sectional perimeter of the reactive surface (b) and the cross-sectional area (A) of the enclosed volume. For the
devices here, A isthe cross-section of the open space between the capillary wall (radius r,) and the fiber (radiusr;) —or
nro?-mri? — and b is the length around the perimeter of the alumina coated fiber 2rtr; since nanotubes do not grow on the
capillary wall (Figure 5). It can also be seen in Figure 5 that this relationship will hold for any tube with continuous axial
cross-section taking into account the total reactive boundary. While the surface reaction constant k" is independent of
the dimensions of the system, the reaction constant for the projected volume k™ is expected to scale as the cross-section
(e.g. capillary radius) is changed.

Assuming the effective diffusion coefficient and volumetric reaction constants do not change with time or concentration,
the concentration profile inside the capillary is modeled by Fick’s law in one dimension:

ac(y,t o’cly,t)
9ebvt) _p,, L)y, )

ot oy’

The boundary conditions are similar to a classic Stefan diffusion tube® 32 the reactive species concentration at the
openings of the capillary is assumed to remain constant throughout the reaction and zero inside the capillary at the start
of the reaction. Since the concentration is constant, the height of the nanotubes at the opening is given by Equation 2.
We find that the nanotube array height at the openings is not the same from sample to sample, so we assume the external
concentration to vary spatially inside the growth furnace but remain constant in time. In this case each end of the
capillary experiences a unique constant concentration boundary condition, ¢; and ¢, and the solution to Equation 4 can
be separated for the two openings:

c(y,t)=c,f,(Dy k" L, y,t)+c, f,(Dy K7, L, y,t). (5)

The height of the nanotube array after synthesis can be measured inside and outside the capillary and is found from the
model by integrating the concentration profile in the previous equation:

h(y,t)=-3K [ 1.0y K" Ly thit+ Gk’ [[ (g K" Ly, tht. 6)

CNT ,0 CNT

Using Equation 2, the unknown concentration, density, and surface reaction rate are replaced with the measured CNT
heights at the openings h; and hy:

h(y,t) = % F,(Dy K" L, y,t)+% F,(D K", L, y,t). ™

To test the model, nanotubes were grown on fibers in capillaries of five different lengths and two different radii (r, =
12.5 and r, = 20 um) during the same growth run for a duration t of 180 s. The resulting nanotube height profiles are
shown versus axial position in Figure 6. While not smooth, the height profile is observed to be larger at the ends of the
capillary than in the interior as expected from the assumptions about the system, and this difference is more pronounced
with increasing capillary length. What is more, the nanotube array is not continuous from end to end in the two longest
devices; these devices would be non-functioning since there is no continuous axial path for the current even though the
nanotubes are the ideal height at the openings. It can also be seen that the axia position of the height minimum is
shifted towards the end of the capillary with the shorter nanotubes — e.g. Devices C and E — as expected for a difference
in source concentration between the ends. Perhaps harder to distinguish by eye, the nanotube growth is less in the
capillaries with smaller radii. In example, the near-zero-growth regions of the Device E are much smaller than Device D
even though the capillary is dlightly longer. Note that the model does not account for any spatial heterogeneity of the
growth that might be caused by non-uniform catalyst distribution or variation in growth efficiency.
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Figure 6. The height of nanotube arrays grown vertically from the surface of alumina coated glass fibers of radius 4 um
inside capillaries of two different inner radii (ro) and five different lengths as noted. The time of the growth was 180 s. The
red curves are the best fits to the model based a Fick’s law with an average diffusion constant Dest and an approximate
volumetric reaction rate k™ scaled by the dimensions of the system to the surface reaction rate k™. The predicted profiles
are the same and the R? is a maximum of 0.9254 for all Dt > 0.00025 cm?/s. (inset) In example for Dett = 0.00025 cm?/s,
the best fit valuesfor k™ for the two capillary radii scale linearly as expected with the ratio of the reactive cross-section
perimeter b and the cross-sectional area of flow A. The slope correspondsto ak™ of 0.00014 cnv/s at this Det.

Equation 7 was fit against all five of the nanotube growth profiles with kizs ', kao ', and Des as the 3 fit parameters
where the subscripts on k™" designate the value of r, in um. Even though the model can only predict a smooth profile,
the resulting predicted height profiles (Figure 6 red curves) fit the measured profiles with a coefficient of determination
R? of 0.9254, affirming the assumptions of our model for this confined geometry. For the predicted profiles in this
image, D is0.00025 cm? st and the corresponding diffusion length (tD«f)Y?is0.21 cm. Thek™ are plotted against the
ratio 2ri/(r,>-r;?) per Equation 3 (Figure 6 inset). In agreement with the assumption of negligible radia concentration
variation, thetwo k™’ are seen to scale linearly and correspond to ak™ of 0.00014 cm s™.

Plotting the R? from the fit versus the diffusion coefficient, it is seen that the R? increases up to a maximum of 0.9254 at
Der = 0.00025 cm? st but plateaus rather than coming to a peak (Figure 7). Thefit isjust as good for all larger values of
D«t, SUggesting that the values determined previously are the minimum possible values for D«r and k™. Likewise, the
reaction constant k™ corresponding to the best fit increases nonlinearly with Der up to the best-fit minimum Des but
approximately linearly thereafter. The CNT height profile appears to be uniquely dependent on theratio of k™ to Det but
not on either value alone.

Looking again at the model, both the non-dimensional functions f in the concentration profile in Equation 5 have atime-
independent, steady-state (SS) component and atransient (T) component

f(y,t)=fs(y)+ fr(v,t) (8
such that the integrated functions F in Equation 7 are likewise
Fly.t)=tis(y)g R v.0). ©
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Figure 7. The coefficient of determination R? of the fit of the model to the measured CNT height profiles and the k”
corresponding to the best fit k" parameters versus the effective diffusion coefficient Der. The R? is maximized at 0.9254
and the k” islinear for all De greater than 0.00025 cm? st marked with a dashed line. The red circles show thefit to be
almost as good using the same k™" and Dett from the full model but excluding the transient terms when calculating the
predicted profiles. The blue line marksthe k" found from the best fit to the mode! only considering the steady state terms.
For the times required to grow the CNTsto fill the cross section at the opening, the reactive species concentration is at
steady state over most of the growth duration and the resulting height profile can be determined from the ratio of Kk to Det
found to be 0.624 cmr! under these growth conditions.

The steady state component for the first end is given by

fs,(y)=sinh| (L—y) [‘; sinh| L |5 |, (10)

eff Deff

and fssp(y) has the same form with the L-y replaced by y. While the dependence of the transient component on the
reaction rate and diffusion coefficient is complex (not shown), the steady-state component of f is dependent purely on
theratio of the two parameters.

Two analyses were performed to investigate the role of this ratio and steady state component. First, the data was fit
against Equation 7 but with the transient term (Fr in Equation 9) set to zero. In this scenario the system reaches steady
state instantaneously, approximately equivalent to the system reaching steady state quickly relative to the total growth
time. Thetwo ratiosk"/De served as the two fit parameters which in turn were used to determine k'/Dgt. The R? of the
best fit is again 0.9254 corresponding to ak '/Des of 0.624 cmt. Plotting aline with this slope in Figure 7, it can be seen
that this ratio matches the slope of the linear k” relationship to D« predicted by the full model.

The steady-state contribution was also assessed by calculating R? versus Der with the transient term again set to zero but
with the values of ki2s ™~ and kx previously determined from the best fit using the full model. For low values of the
diffusion coefficient, the system takes longer to reach steady state and the transient terms have a larger impact on the
quality of fit. But as D increases above 0.00025 cn?? s the steady state term dominates with a fit as good as the full
model asindicated by the same R? for all but the lowest values of Dgs. For synthesis of a nanotube array that nearly fills
the cross section at the openings, we conclude from these two results that the concentration profile of the reactive species
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along the length of the capillary is at steady state over most of growth period. Under these steady state conditions the
shape of the height profile is primarily determined by theratio of k™ to De.

Substituting k" for k™" in fss(y) using Equation 3 and moving the L under the square root, it can be seen that the height
profile determined from the steady state concentration depends on the product of the two dimensionless ratios Lb/A and
LKk /De. The first is essentialy the physical aspect ratio of the system taking into account the relative scale of the
reactive surface. In the field of fluid flow, A/b is referred to as the hydraulic radius where b is instead the wetted
perimeter and the flow velocity increases with increased hydraulic radius. Des/k” also has units of length and can be
thought of as the ability of the reactive species to move axially by diffusive forces against the competing reaction flux.
Dividing the length by this value gives a dimensionless quantity referred to here as the chemical aspect ratio.

.

Figure 8. The predicted nanotube array height — or total reaction product — at the midpoint per the nanotube height at the
opening of a high aspect ratio tube versus the physical aspect ratio Lb/A and chemical aspect ratio Lk /Det from a steady
state concentration profile. The white letters mark the values for the five devices characterized in this section. Using the
values corresponding to the diamonds, three example height profiles with constant L are shown as insets ranging from
nearly uniform along the length of the tube for lower values of the physical and chemical aspect ratios to highly tapered for
larger aspect ratios. It is estimated based on experimental observations that regions of no growth (electrically
discontinuous) occur when the predicted midpoint height is below about 40% of the height at the opening (marked asaline
on the graph). Sensors above and to the right of this line are expected to have a high likelihood of being electrically
discontinuous along the axial and of limited use for this applications.

To show the relative impact of these factors in high aspect ratio reaction volumes, the predicted height of the nanotube
array at the axial midpoint relative to the unrestricted height at the openings under steady state concentration conditions
is plotted against a range of physical and chemical aspect ratios in Figure 8. For this calculation the constant reactive
species concentrations at the two openings ¢; and ¢, were assumed to be equal. In general this height is equivalent to a
measure of the total chemical surface reaction due to the reduced concentration inside the reaction volume relative to the
total reaction that would take place over the same time period with the full source concentration. The five devices of
Figure 6 are shown as well as 3 example length-normalized profiles. For low values of the ratios the total reaction
profile is seen to be nearly constant long the axial length and the angle between the side and top of the profile is nearly
w/2. Aseither ratio isincreased, the height at the midpoint and the angle at the opening decrease ultimately resultingin a
highly tapered profile.
11
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In the specific case of the artificial hair sensors, the axial resistance will be minimized for minimized capillary length
and maximized hmig corresponding to low physical and chemical aspect ratios. A uniform nanotube array profile also
corresponds to a more uniform elastic support for the hair within the capillary. But for purposes such as handling it is
often desirable to maximize the capillary length while at least maintaining electrical continuity. As hinted in the
discussion about the sensor operation, it may also be desirable to reduce the stiffness of the nanotube support to increase
the deflection of the hair inside the capillary near the electrode at the opening. This may be achieved by reducing the
quantity of nanotubes such as from a highly tapered profile. While the model will never predict a zero height that would
correspond to an electrical break, we observe regions of no nanotube growth when the predicted height at the midpoint is
lower than about 40% of the opening height. Thislineismarked in Figure 8 and corresponds to the longest capillary and
highest degree of taper possible while maintaining axial electrical continuity.

4. CONCLUSIONS

Within this paper we have described the operation of a simple, yet sensitive artificial hair air flow sensor whose
performance can be tailored by changing the dimensions of the capillary used, the CNT growth conditions, and axially
displacing the hair within the capillary. The CNT synthesis on the fiber within a capillary can be modeled and used to
tailor the degree of taper of the CNT profile along the length of the fiber and within the capillary. The behavior of the
sensors is described in terms of three regions — (1) a region in which the hair is mechanically moved, but not yet
sufficiently compressed to result in a change in electrical resistance, (1) a highly sensitive region in which the CNT
array is initially coming into contact with the electrode and starting to compress such that the electrical resistance
decreases significantly, and (I11) a region in which the CNTs continue to be compressed but the electrical sensitivity
begins to saturate. Strong correlation between point-loaded lab deflection experiments and distributed deflection under
steady state flow was observed. Overall, the stiffness of the nanotube array is large enough to greatly restrict the base of
the fiber from deflecting which indicates it may be possible to further enhance the response of the sensors by decreasing
the stiffness of the CNT array or changing the axial profile of the CNT array. One can envision tailored, non-evasive
arrays of air flow sensors optimized for a given application. The ability to tailor the response of these sensors when
coupled with their small size, ease of integration, and simple operation, has the potential to aso enable alarge variety of
sensors beyond air flow sensors.
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